Background: Neuroblastoma (NB) is the most common extracranial pediatric solid tumor with a highly variable clinical course, ranging from spontaneous regression to life-threatening disease. Survival rates for high-risk NB patients remain disappointingly low despite multimodal treatment. Thus, there is an urgent clinical need for additional biomarkers to improve risk stratification, treatment management, and survival rates in children with aggressive NB. Results: Using gene promoter methylation analysis in 48 neuroblastoma tumors with microarray technology, we found a strong association between survival and gene promoter hypermethylation (P = 0.036). Hypermethylation of 70 genes significantly differentiated high-risk survivor patients from those who died during follow-up time. Sixteen genes with relevant roles in cancer biology were further validated in an additional cohort of 83 neuroblastoma tumors by bisulfite pyrosequencing. High promoter methylation rates of these genes were found in patients with metastatic tumors (either stage metastatic (M) or metastatic special (MS)), 18 months or older at first diagnosis, MYCN amplification, relapsed, and dead. Notably, the degree of methylation of retinoblastoma 1 (RB1) and teratocarcinoma-derived growth factor 1 (TDGF1) predicts event-free and overall survival independently of the established risk factors. In addition, low RB1 mRNA expression levels associate with poor prognosis suggesting that promoter methylation could contribute to the transcriptional silencing of this gene in NB.
Background
Neuroblastoma originates from the sympathico-adrenal lineage of the neural crest and is the most common extracranial solid tumor in early childhood. This tumor exhibits contrasting patterns of clinical behavior ranging from spontaneous remission to rapid tumor progression and death. Prognosis classically depends on age at diagnosis [1] , tumor stage [2] , MYCN oncogene amplification status [3, 4] , and histology in a lesser extent [5] . Several well-characterized genetic abnormalities associated with neuroblastoma (NB) have been used to predict outcome, for example, DNA content [6] , gain of chromosome arm 17q [7] , or deletion of chromosome arm 1p [8] and 11q [9, 10] . However, current knowledge of the molecular features of NB is not sufficient to explain the observed clinical heterogeneity.
There is an important body of work on NB to find robust biomarkers that could help to improve the standard response criteria and, consequently, patients' survival. In this regard, several mRNA and miRNA classifiers have been established [11] [12] [13] . A recent study from SIOPEN shows that levels of tyrosine hydroxylase (TH) and pairedlike homeobox 2B (PHOX2B) or doublecortin (DCX) mRNA in peripheral blood and bone marrow at diagnosis are independent predictors of survival [14] . Notably, high levels of TH and PHOX2B mRNA in peripheral blood identify ultrahigh-risk NB patients. Despite these new discoveries, survival rates in children with high-risk NB remain disappointingly low.
Epigenetic modifications, particularly the methylation of the 5′ position of cytosines, within CpGs dinucleotides at gene promoter regions, are essential regulatory mechanisms for normal cell development and may modulate gene expression without altering the DNA sequence. In the last decade, DNA-methylation studies have focused on identifying epigenetically modified genes to further understand NB pathogenesis and to find prognostic methylation markers. In this regard, global methylation studies have demonstrated that a methylator phenotype, characterized by the methylation of multiple CpG islands, is a hallmark of NB with poor prognosis [15] . Several tumor suppressor genes such as caspase 8 (CASP8), Ras association (RalGDS/ AF-6) domain family member 1 (RASSF1A), cycling D2 (CCND2), CD44, O-6-methylguanine-DNA methyltransferase (MGMT), and PYD and CARD domain containing (TMS1), have been shown to be silenced in NB by aberrant hypermethylation of their promoters [16] [17] [18] . In general, screening studies in NB showed that frequently methylated genes are related to apoptotic pathways as well as to cell cycle regulation.
Recent studies in oncology research have increased genome coverage allowing the identification of new epigenetic biomarkers. In NB, two recent studies have investigated DNA methylation patterns using genome-wide technologies [19, 20] . However, the number of clinically relevant epigenetic biomarkers is still very low. In here, we used methylation microarrays to identify robust and independent epigenetic biomarkers in NB.
Results

Genome-wide promoter methylation screening
With the purpose of identifying DNA methylation biomarkers, we first analyzed 48 primary NB tumors using the Infinium HumanMethylation27 BeadChip microarray. Clinical, biological, and follow-up data are summarized in Table 1 . Patients were classified following the International Neuroblastoma Risk Group Staging System (INRGSS) guidelines as 10 L1 (stage 1 localized); 16 L2 (stage 2 localized), 18 M (metastatic), and 4 MS (metastatic special). Twenty patients relapsed: 1 L1 presented a local relapse and is alive and disease free, 7 L2 (5 presented local relapses, 1 metastatic and 1 combined, 4 of them died of disease); 11 M stages (2 presented local relapses, 3 presented metastatic relapses and 6 combined relapses, all of them died of disease). One MS stage presented a metastatic relapse and died due to disease progression.
Data distribution according to the methylation probe intensity from the Illumina array was shown to be bimodal ( Figure 1A ). Using minAS, a method for feature selection in multivariate data, cutoff values for data discretization were defined as follows: ≤0.3 hypomethylated '0', >0.3 < 0.7 intermediate '0.5', and >0.7 hypermethylated '1'.
In order to understand to which extent gene promoter methylation is relevant to NB, we analyzed differences in the methylation levels among different patient subgroups. The most striking result of this analysis revealed a significant association between poor survival and global gene promoter hypermethylation (P = 0.036) ( Figure 1B ). Patients who died during follow-up time had higher promoter hypermethylation rates than survivors (median follow-up time for survivors of 12 years). No association was detected between survival and global hypomethylation of gene promoters. Other types of subgrouping (by age at diagnosis, MYCN status, or relapse) did not reveal any significant changes. However, comparing patients at different NB stages (L1 and MS vs. L2 vs. M) did indicate a nearsignificant hypermethylation of the runt-related transcription factor 3 (RUNX3) gene (P = 0.05). These results suggest that the overall promoter hypermethylation status at diagnosis could predict survival and that NB stages can be associated with methylation changes at specific genes.
After establishing a significant association between promoter hypermethylation and NB, we then aimed to identify particular methylation events. Comparison of methylation values of high-risk patients who died of disease, and of high-risk patients who survived, revealed 70 genes that significantly differentiate these two groups ( Figure 1C and Table 2 ). Interestingly, only specific CpG sites within promoter regions were methylated (compare total probes vs. significative probes that were methylated on Table 2 and see the scheme on Additional file 1). This result revealed the importance of sufficient CpG probes at promoter regions to capture the dynamics of methylation changes. Sixteen genes with high impact on cancer biology were selected for validation. The methylated probes and P values as well as the methylation level of the selected hypermethylated genes are shown in Table 3 . Detailed information of these genes' promoter methylation sites in each patient is described in Additional file 2. These genes regulate the following: maturation and maintenance of the overall structure of the nervous system (neuronatin (NNAT)); cell cycle progression (cyclin D1 (CCND1), janus kinase 2 (JAK2), retinoblastoma 1 (RB1), leucine-rich repeat C4 protein (LRRC4), and tumor protein P73 (TP73)); cell growth and differentiation (dual specificity phosphatase 2 (DUSP2), paired box 8 (PAX8), and hepsin (HPN)); tumorigenesis (melanoma antigen family A, 2 (MAGEA2), RUNX3, cathepsin Z (CTSZ), teratocarcinoma-derived growth factor 1 (TDGF1), and tetraspanin 32 (TSPAN32)); apoptosis (JAK2 and esophageal cancer-related gene 4 protein (ECRG4)) and DNA repair mechanisms (MGMT).
Validation of the prognostic power of DNA methylation biomarkers by bisulfite pyrosequencing
To validate the specific CpG methylated sites, we performed sequencing analysis of the 16 promoter genes. Table 4 .
We performed a multivariate analysis of variance (MANOVA) statistical analysis in order to study the methylation variations of selected genes among the established subgroups (see below and "Methods" section) of NB patients. Overall, we found significantly higher gene promoter methylation rates in patients with the following characteristics: metastatic tumors (either stage M or MS) (Figure 2A ), aged 18 months or older at first diagnosis ( Figure 2B ) and MYCN amplification ( Figure 2C ). The same applies to patients who relapsed or died ( Figure 2D ). In particular, methylated status of TDGF1 and PAX8 allowed us to differentiate all the clinical subgroups mentioned above ( Figure 2 ). In addition, high methylation rates of RUNX3, ECRG4, CTSZ, and RB1 also distinguished all NB subgroups but not MYCN-amplified status ( Figure 2 ). We also found highest methylation rates of LRRC4 and CCND1 in patients older than 18 months ( Figure 2B ). Furthermore, DUSP2, TP73, JAK2, MGMT, and HPN methylation rates were significantly higher in MYCN-amplified patients than in non-amplified patients Table 1 Clinical and biological data from the 48 patients included in the microarray analysis (Continued) Figure 2C ). These results demonstrate that these set of methylated gene promoters allow the discrimination of specific NB subgroups defined in Figure 2 .
To study the influence of the degree of the 16 validated genes' promoter methylation on survival, we evaluated them as independent prognostic variables by the elastic net penalized Cox's regression model. Higher gene promoter methylation rates of RB1, PAX8, and TDGF1 remained as independent predictors of overall survival (OS) after adjusting for known prognostic factors (Table 5A ). On the other hand, RB1 and TDGF1 but not PAX8 predicted worse event-free survival (EFS) ( Table 5B) . Information of TDGF1 and RB1 promoter methylation sites in the validation cohort of patients is described in Additional file 3. These regressions also confirmed the well-established stage, MYCN status, and age as independent predictors, thus further supporting the consistency of this model. The penalized coefficient of each independent variable directly associates with survival. Thus, MYCN amplification and staging have the highest influence on survival followed by the degree of TDGF1 and RB1 promoter methylation. Age at diagnosis had a lower impact in EFS and none in OS.
RB1 expression in NB correlates with survival
Taking into account that RB1 and TDGF1 promoter methylation is one of the mechanisms responsible for the downregulation of these genes in other tumors [21, 22] , we explored RB1 and TDGF1 expression in NB, the two only independent predictors of EFS and OS that we found in this study. For this purpose, we analyzed a new cohort of 251 NB patients using the R2: microarray analysis and visualization platform (http://r2.arnc.nl). The results of this analysis are displayed in Figure 3 . The Kaplan-Meier plots show the significant association between low expression levels of RB1 and poorer outcome ( Figure 3A) . Based on these findings, promoter methylation could contribute to the transcriptional silencing of RB1 in NB. On the other hand, low expression levels of TDGF1 associates with better outcome in this patient cohort ( Figure 3B ). Since our results show that high methylation levels of TDGF1 negatively affect patient survival, the TDGF1 expression- Kaplan-Meier plots suggest that this particular epigenetic event on cg10242476 is not involved in TDGF1 downregulation but rather in its expression. In order to investigate the positive correlation between CpG methylation and TDGF1 expression, we explored the correlation between TDGF1 expression and the DNA methyltransferases DNMT1, DNMT3A, and DNMT3B. As shown in Additional file 4, we found a significant correlation between TDGF1 and DNMT1 and DNMT3B but not between TDGF1 and DNMT3A in the cohort of patients with MYCN amplification. These correlations further support that DNA methylation might as well be implicated in the upregulation of TDGF1 expression.
Discussion
Most of the DNA methylation studies in NB are experimentally limited because they used previously selected candidate genes based on their implication in cancer development or tumor biology [16, [23] [24] [25] . A recent report described the signature of hypomethylated regions within non-promoter regulatory sites [20] , thus complementing our findings on hypermethylated promoter regions. These characteristic profiles may reflect specific chromatin remodeling events that could contribute to the generation of chromosomal instability. Another recent genome-wide study has proposed new epigenetic biomarkers of interest in NB patients [19, 26] . However, authors only used cell lines in the selection phase of potential prognostic DNA methylation biomarkers. Although candidate genes were further validated in 89 primary tumor samples, this approach may have skipped many candidate biomarkers occurring on primary tumors due to the passage-dependent epigenetic changes on cell lines. Lau et al. applied a genomewide screen of DNA methylation changes using NB primary tumors [26] . In their study, they pre-selected candidate genes which may resulted in the loss of novel epigenetic biomarkers. In here, we adopted a non-targeted approach based on genome-wide screen of DNA-methylation changes. Our results reveal 70 candidate genes that showed epigenetic changes within the high-risk group. We further validated 16 out of 70 candidate genes, leaving for future validation studies the remaining group. The two patient cohorts used in this study included a representative distribution of all the INRG-based NB subgroups, being among the highest and well-characterized NB cohorts used for genome-wide epigenetic studies so far reported to our knowledge. Interestingly, the degree of methylation of the proposed biomarkers is able to distinguish between different subgroups of NB: patients who were older than 18 months at diagnosis from younger than 18 months at diagnosis, patients with MYCN-amplified tumors from MYCN non-amplified tumors, patients with metastatic tumors from localized tumors and relapsed or dead patients from relapse-free survivors. These findings support the idea that aberrant DNA methylation could be related to NB pathogenesis. Notably, only RB1 and TDGF1 remained as independent prognostic predictors of poorer OS and EFS. Therefore, our predictive epigenetic biomarkers constitute a new set of robust risk predictors of the disease.
TDGF1 promoter is hypomethylated and highly expressed in human-induced pluripotent stem (iPS) and embryonic stem (ES) cells [27] . Using the same Illumina array, our results reveal a different CpG site not only localized downstream but also within the first exon (5′-UTR) of TDGF1 gene (cg10242476) that significantly predicts EFS and OS in NB patients. Importantly, TDGF1 has been shown to be regulated by the ES cell-related transcription factors Oct4/Nanog and to a lesser extent by the DNA methylation status of the promoter region [28] . TDGF1 has been found overexpressed in a variety of human tumors such as breast, colorectal, and gastric cancers, and high expression levels of this gene are associated with poorer prognosis in those tumors [29] . Using the microarray analysis and visualization platform R2 (http://r2.arnc.nl), we confirmed that high TDGF1 expression levels are also associated with poor prognosis in NB ( Figure 3B ). Following this reasoning, higher methylation of this CpG would correlate with higher TDGF1 expression and, therefore, with poorer prognosis. Interestingly, this CpG site is localized in the first exon of TDGF1 transcript variant 1 (NM_003212) and coincides with the first intron of TDGF1 transcript variant 2 (NM_001174136). One plausible explanation for this correlation is that intronic CpG methylation results in TDGF1 transcript variant 2 expression. In this regard, regulation of imprinted IGF2R expression is mediated by methylation of an intronic CpG island [30] . Taken all together, these results suggest that intronic CpG (cg10242476) methylation in TDGF1 transcript variant 2 positively regulates its expression in NB whereas CpG (cg27371741) hypomethylation in the first exon of TDGF1 transcript variant 1 regulates its expression in embryonic stem cells. The strong association between hypermethylation and poor prognosis reflects the consequences of epigenetic changes occurring in high-risk NB.
Loss of RB1 expression is associated with a higher grade of malignancies and seems to be a prognostic indicator in a variety of human tumors [31, 32] . Hypermethylation of RB1 CpG island is a common epigenetic event associated with the development of malignant nervous system tumors [22] . A clear correlation between loss of RB1 expression and promoter hypermethylation was found in glioblastomas [32] . Although hypermethylation of RB1 promoter has previously been reported in NB, no association with patient survival was included in the study [33] . Moreover, the methylation-specific PCR approach used to detect RB1 promoter methylation does not allow to study the broad CpG sites analyzed with a genome-wide approach. We describe for the first time that the degree of RB1 promoter methylation associates with poorer prognosis in NB patients. In agreement with our findings, using the publicly available R2 platform, we found that low expression levels of RB1 associates with poorer outcome. These results suggest that RB1 promoter methylation could contribute to its silencing and enhance NB development and aggressiveness.
Conclusions
Biomarkers are playing an increasing role in the management of NB patients and, together with drug targets, represent the future analytical platforms for personalized clinical intervention. In this work, we demonstrate that high promoter methylation rates of TDGF1 and RB1 genes are independent predictive biomarkers of NB aggressiveness and disease progression. Our findings highlight the use of methylation profiling to identify risk-independent prognostic markers in NB and reinforce the connection between epigenetic events and NB biology. Taking into account that survival rates remain sadly low in highrisk NB patients, our epigenetic biomarkers are valuable tools for future patient stratification and treatment management.
Methods
Patients and samples (Table 1) . Forty-eight NB tumor samples were used for genome-wide promoter methylation analysis, and an additional cohort of 83 tumor samples were used for validation. Staging and risk stratification was established according to International Neuroblastoma Risk Group (INRG) criteria [2] . However, very low-and low-risk patients were joined for the statistical analysis and were considered as low-risk group. Samples were centrally reviewed and classified according to the International Neuroblastoma Pathology Committee (INPC) system [5, 34] . Biological studies included status of MYCN and 1p, both studied by FISH 
Bisulfite pyrosequencing
Promoter methylation data from the array was validated by bisulfite pyrosequencing. Genomic DNA was bisulfite modified using EZ DNA Methylation Gold Kit™ (Zymo Research). A subsequent PCR amplification was performed using biotinylated primers designed with the PyroMark Assay Design 2.0 software, Qiagen (Table 6 ). The pyrosequencing and data analysis were performed in a PyroMark Q24 System version 2.0.6 (Qiagen) following the manufacturer's instructions.
Statistical analysis
The methylation status at each array probe was established by analyzing the distribution of b-values for all samples and CpG sites and transforming data into discrete values.
The cutoff values for hyper-and hypomethylation were established using the minAS method [39] and considering the bimodal distribution of b-values. Differential methylation analysis was done at the single CpG, CpG island, and gene-centric levels. For the analysis of CpG island, individual probes were considered independent observation, whereas the gene-level analysis simply counted the percentage of CpG and CpG island associated to each gene that were declared significant. [40] . Data distribution from pyrosequencing analysis was not bimodal and varies among genes; therefore, variables were analyzed as continuous. The relationship between the methylation status and NB risk factors was evaluated using a MANOVA test. A Cox elastic net analysis [41] was performed to evaluate the influence on survival of gene promoter methylation. This novel statistical analysis method is especially suited for analyzing data with many variables and few observations by performing variable selection. This is done by penalizing predictors' coefficients towards zero according to their association with survival. Coefficients from variables with less influence on survival were more penalized, dropped to zero, and excluded from the predictive model. For all the above-mentioned statistical tests, R software (version 3.0.2) and package glmnet (version 1.9-5) were used. For EFS analysis, time to event was defined as the time from diagnosis until the time of first occurrence of relapse, progression, or death. For OS, time to event was defined as time until death or until last contact if the patient was alive. P values <0.05 were considered statistically significant.
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